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The spindle checkpoint is a conserved signaling pathway that ensures genomic integrity by preventing cell
division when chromosomes are not correctly attached to the spindle. Checkpoint activation depends on the
hierarchical recruitment of checkpoint proteins to generate a catalytic platform at the kinetochore. Although
Mad1 kinetochore localization is the key regulatory downstream event in this cascade, its receptor and
mechanism of recruitment have not been conclusively identified. Here, we demonstrate that Mad1 kinetochore
association in budding yeast is mediated by phosphorylation of a region within the Bub1 checkpoint protein by
the conserved protein kinase Mps1. Tethering this region of Bub1 to kinetochores bypasses the checkpoint
requirement for Mps1-mediated kinetochore recruitment of upstream checkpoint proteins. The Mad1 interaction
with Bub1 and kinetochores can be reconstituted in the presence of Mps1 and Mad2. Together, this work reveals
a critical mechanism that determines kinetochore activation of the spindle checkpoint.
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Successful eukaryotic cell division requires accurate
chromosome segregation, which relies on correct attach-
ments of spindle microtubules to chromosomes. Defects
in chromosome segregation result in aneuploidy, which
is a hallmark of many cancers and birth defects. To ensure
accurate segregation, a conserved signal transduction sys-
tem called the spindle checkpoint prevents cell cycle
progression until all chromosomes make correct attach-
ments to spindle microtubules. The spindle checkpoint
prevents the premature segregation of improperly at-
tached chromosomes by inhibiting the activity of the
anaphase-promoting complex (APC), a ubiquitin ligase that
targets the anaphase inhibitor securin for destruction.

Spindle checkpoint function is mediated by the kinet-
ochore, the macromolecular machine that assembles
on the centromere of each chromosome and attaches to
microtubules (Jia et al. 2013). The checkpoint and micro-
tubule-binding functions of kinetochores are executed
through a conserved set of subcomplexes termed KMN
(Knl1/Spc105/Blinkin, Mis12/Mtw1, and Ndc80/Hec1)
(Martin-Lluesma et al. 2002; McCleland et al. 2003;
Cheeseman et al. 2006; Pagliuca et al. 2009). Checkpoint
signaling further depends on kinetochore localization of

the conserved checkpoint proteins Mps1, Bub1, Bub3,
Mad1, and Mad2 as well as the Mad3 homolog BubRI in
metazoans (Foley and Kapoor 2013; Jia et al. 2013). Mps1
is a protein kinase that interacts with Ndc80, and its
kinase activity is required for checkpoint activity and
kinetochore localization of all other checkpoint proteins
in most organisms studied (Weiss and Winey 1996; Abrieu
et al. 2001; Tighe et al. 2008; Kemmler et al. 2009; Heinrich
et al. 2012; Nijenhuis et al. 2013; Zhu et al. 2013). Mps1
phosphorylation of Spc105 was recently shown to recruit
Bub1 and Bub3 (the Bub1/3 complex) to the kinetochore
(Kiyomitsu et al. 2007; London et al. 2012; Shepperd et al.
2012; Yamagishi et al. 2012; Primorac et al. 2013), a re-
quirement for the localization and activation of Mad1 and
Mad2. However, Bub1/3 kinetochore localization is not
sufficient for checkpoint activation without Mps1 activ-
ity, suggesting that Mps1 may have additional checkpoint
targets (Rischitor et al. 2007; Ito et al. 2012; Yamagishi
et al. 2012).

Mad1 and Mad2 form a complex (Mad1/2) that acts as
a scaffold to activate soluble Mad2, which ultimately
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prevents cell cycle progression through APC inactivation
(Luo et al. 2002; Sironi et al. 2002; Musacchio 2011).
While Mad2 cycles rapidly on and off of the kinetochore,
Mad1 is stably associated with kinetochores in the ab-
sence of microtubule attachments (Howell et al. 2004;
Shah et al. 2004). Activated Mad2 signals the checkpoint
downstream from kinetochores, and tethering Mad1 to
kinetochores has been shown to constitutively stimulate
checkpoint signaling in human cells (Maldonado and
Kapoor 2011). Therefore, Mad1 kinetochore localization
is the defining event in checkpoint activation, and elu-
cidating the mechanism of this association is paramount
in understanding checkpoint regulation. However, the
direct binding partner and mechanism for the dynamic
Mad1 kinetochore localization are unclear (Seeley et al.
1999; Brady and Hardwick 2000; Martin-Lluesma et al.
2002; McCleland et al. 2003; Gillett et al. 2004; Kiyomitsu
et al. 2007; Yamamoto et al. 2008; Pagliuca et al. 2009; Ito
et al. 2012; Kim et al. 2012). Here, we exploited our ability
to isolate budding yeast kinetochores to demonstrate that
Bub1 is a receptor for Mad1 and that the Bub1–Mad1 in-
teraction at kinetochores is driven by Mps1-mediated
phosphorylation of Bub1.

Results

Mad1 associates with purified kinetochores
and requires Spc105

The outer kinetochore has been implicated in Mad1 re-
cruitment, possibly through the conserved Ndc80/Hec1
subcomplex (Ndc80c) that is required for the spindle
checkpoint (Martin-Lluesma et al. 2002; DeLuca et al.
2003; McCleland et al. 2003). To address which kineto-
chore components are required for Mad1 association, we
first tested whether Mad1 associates with purified native
kinetochore particles. Immunoprecipitation of the Mis12
subcomplex component Dsn1, in contrast to other kinet-
ochore proteins, isolates native kinetochore particles con-
taining approximately stoichiometric amounts of Spc105
and Ndc80 (Akiyoshi et al. 2010). Mad1 copurified with
these kinetochore particles when cells were treated with
the microtubule-destabilizing drug benomyl to activate
the checkpoint (Fig. 1A), so we performed all subsequent
copurification experiments using benomyl-treated cells.

We next tested whether functional Ndc80 or Spc105
subcomplexes of KMN are required for Mad1 association
by purifying kinetochore particles from strains contain-
ing the temperature-sensitive alleles ndc80-1 and spc105-
15 (Wigge and Kilmartin 2001; Nekrasov et al. 2003;
Akiyoshi et al. 2010). ndc80-1 cells trigger the spindle
checkpoint due to defective kinetochore–microtubule at-
tachments at the restrictive temperature, while spc105-15
cells do not have a functional checkpoint (Wigge and
Kilmartin 2001; Pagliuca et al. 2009). Consistent with
this, the Mad1 association with the kinetochore was
preserved in ndc80-1 cells but completely abolished in
spc105-15 cells (Fig. 1B). We therefore tested whether
a functional checkpoint is required for Mad1 kinetochore
association. Mad3 is required for checkpoint function

downstream from the kinetochore but is not known to be
involved in upstream checkpoint signaling (Hardwick
et al. 2000; Gillett et al. 2004). Mad1 associated with
kinetochores in a mad3D strain treated with benomyl
(Fig. 1C), indicating that the loss of Mad1 association
with spc105-15 mutant kinetochores is not solely due to
a loss of checkpoint function.

To determine whether the Spc105 or Ndc80 subcom-
plexes specifically associate with Mad1, we immunopre-
cipitated Nuf2-3Flag (a component of Ndc80c) or Spc105-
3Flag. While Mad1-3GFP copurified with Spc105, it was
absent from the Nuf2 purification (Fig. 1D). The Spc105
immunoprecipitation did not contain significant levels
of Ndc80, suggesting that Ndc80c does not have a direct
role in mediating the Spc105–Mad1 interaction (Fig. 1D).
Conversely, the Nuf2 purification did not contain detect-
able levels of the endogenous untagged Spc105 protein
(Fig. 1D), consistent with the absence of Mad1. The as-
sociation of Mad1 with Spc105 is supported by a recent
report in which human Spc105/Knl1 was closely local-
ized with Mad1 on the kinetochore and was required for
Mad1 kinetochore localization (Varma et al. 2013).

The middle region of Bub1 recruits Mad1
to kinetochores

The Bub1/3 complex is required for Mad1 kinetochore
localization and binds to kinetochores through Spc105 in
numerous organisms (Kiyomitsu et al. 2007; London et al.
2012; Shepperd et al. 2012; Yamagishi et al. 2012). Be-
cause Mad1 is present in Bub1 purifications from mitotic
yeast extracts (Brady and Hardwick 2000), we hypothe-
sized that Mad1 may interact with the kinetochore by
binding through the Bub1/3 complex, as proposed in
human cells and fission yeast (Heinrich et al. 2012; Kim
et al. 2012). Mutation of a Mad1 conserved basic patch
(RLK to AAA) prevents its association with Bub1 in yeast
(Brady and Hardwick 2000) and reduces Mad1 kineto-
chore localization in human cells (Kim et al. 2012).
Consistent with our hypothesis, this Mad1-3A mutant
also failed to copurify with kinetochores (Fig. 2A).

To identify the region of Bub1 responsible for mediating
the Mad1 interaction with kinetochores, we deleted the
middle region (residues 369–608) to generate Bub1DM
(Fig. 2B). This region is implicated in the Bub1–Mad1
interaction (Warren et al. 2002) and includes a conserved
patch (conserved domain 1 [CD1]) shown to be necessary
for checkpoint function in human cells (Klebig et al.
2009). Mad1 did not copurify with these kinetochores or
the Bub1DM protein even though Bub1DM still associ-
ated with kinetochores (Fig. 2C; Supplemental Fig. S1).
Cells defective in the spindle checkpoint are sensitive to
benomyl, so we analyzed the growth of bub1DM cells on
medium containing benomyl (Fig. 2D). Consistent with a
defect in the spindle checkpoint, bub1DM cells exhibited
benomyl sensitivity comparable with mad1D cells (Fig. 2D).
Deletions of BUB1 are even more sensitive to benomyl
than mad1D cells because BUB1 has an additional chro-
mosome segregation function in localizing the Sgo1 pro-
tein via histone H2A phosphorylation (Fernius and

Regulation of Mad1 recruitment to kinetochores

GENES & DEVELOPMENT 141



Hardwick 2007; Kawashima et al. 2010). Importantly, the
viability of bub1DM cells was improved relative to bub1D

cells, suggesting that the middle region mediates the
checkpoint functions of Bub1 but does not affect its other
functions in chromosome segregation.

We next tested whether the middle region of Bub1 is
sufficient to promote kinetochore recruitment of Mad1.
We previously generated an Spc105 phosphomutant al-
lele, spc105-6A, that is defective in Bub1/3 binding to
kinetochores because key Mps1 phosphorylation sites are
mutated (London et al. 2012). As expected, kinetochore
particles purified from spc105-6A cells also failed to
copurify Mad1 (Fig. 3A; Supplemental Fig. S2A). We
therefore fused Bub1(M) to the N terminus of Spc105-
6A or wild-type Spc105. These fusions do not constitu-
tively activate the checkpoint or inhibit the essential
functions of Spc105 because viability is not reduced
relative to nonfused SPC105 or spc105-6A strains (Sup-
plemental Fig. S2B). Strikingly, the Bub1(M)-Spc105-6A
fusion restored Mad1 purification with the kinetochore

(Fig. 3A) even though the endogenous Bub1 and Bub3
proteins did not associate with these fusion kinetochores
(Fig. 3B; Supplemental Fig. S2C). Additionally, and in
contrast to wild-type kinetochores, Mad1 no longer re-
quired endogenous Bub1 to associate with the fusion
kinetochore particles (Fig. 3C; data not shown). Fusion
of Bub1(M) to wild-type Spc105 resulted in a strong
increase in Mad1 levels associated with the kinetochore,
consistent with Mad1 binding through both the fused
Bub1(M) fragment and endogenous Bub1 (Fig. 3A).

To test whether the Mad1 that associates with Bub1(M)-
Spc105-6A kinetochores is functional in vivo, we assayed
checkpoint activity in response to nocodazole-induced
microtubule destabilization by monitoring the protein
levels of Pds1, the yeast Securin homolog (Cohen-Fix
et al. 1996). Strikingly, Pds1 levels were significantly
stabilized in bub1(M)-spc105-6A relative to spc105-6A
cells (Fig. 3D). However, this stabilization still required
endogenous Bub1 (data not shown), consistent with mul-
tiple requirements for Bub1 in the checkpoint (Elowe

Figure 1. Mad1 associates with purified kineto-
chores and requires Spc105. (A) Mad1 associates
with kinetochore particles when cells are treated
with benomyl. A Dsn1-6His-3Flag Mad1-13myc
strain (SBY8412) was grown with or without ben-
omyl for 2 h before harvest. Kinetochore particles
were purified by a-Flag immunoprecipitation and
analyzed by immunoblotting with a-Flag and
a-myc antibodies. (B) Spc105 is required for Mad1
kinetochore association. Kinetochore particles were
purified by immunoprecipitation of Dsn1-6His-
3Flag from cells shifted to 37°C before harvest.
Strains contain Dsn1-6His-3Flag and either un-
tagged Mad1 (SBY8253), Mad1-3GFP (SBY8415),
Mad1-3GFP spc105-15 (SBY8829), or Mad1-3GFP
ndc80-1 (SBY8579). Immunoblots were probed
with a-Flag, a-GFP, a-Spc105, and a-Ndc80 anti-
bodies. Note that Ndc80-1 is a truncation and
still associates with purified kinetochores. (C)
Mad1-3GFP enrichment with Dsn1-6His-3Flag
does not require a fully functional spindle check-
point. Kinetochore particles were purified from
the following strains after treatment with beno-
myl: untagged Mad1 (SBY8253), Mad1-3GFP
(SBY8415), or Mad1-3GFP mad3D (SBY11497).
Immunoblots were probed with a-Flag or a-GFP
antibodies. (D) Mad1 copurifies with Spc105c but
not with Ndc80c. a-Flag immunoprecipitations
of Spc105-3Flag (SBY8970) or Nuf2-3Flag (SBY8971)
from benomyl-treated cells containing Mad1-
3GFP. Immunoblots were probed with a-Flag,
a-GFP, a-Ndc80, or a-Spc105 antibodies. Arrows
indicate the migration of Spc105-3Flag or Nuf2-
3Flag or the expected migration of untagged en-
dogenous Spc105 (shown at the bottom). Migration
of molecular weight markers (in kilodaltons) is
shown to the left of each blot. Approximate
estimated molecular weights are indicated in pa-
rentheses where molecular weight markers were
not present within the cropped region.
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2011). Together, these data indicate that the middle re-
gion of Bub1 can serve as a functional receptor for Mad1
at the kinetochore.

Phosphorylation of Bub1(M) regulates
its interaction with Mad1

To address how Mad1 kinetochore localization is dynam-
ically regulated, we tested whether phosphorylation is
required for its association with kinetochores. Treatment
of immunoprecipitated Bub1(M)-Spc105-6A kinetochores
with lPPase released Mad1 from kinetochores (Fig. 4A),
indicating that phosphorylation is required. Mad1 also
dissociated from bead-bound Bub1 in a similar experi-
ment (Supplemental Fig. S3).

We next sought to identify the relevant phosphoryla-
tion sites by mass spectrometry. Because a basic patch on
Mad1 is required for its association with Bub1 (Brady and
Hardwick 2000), we looked for phosphorylation in the
middle region of Bub1 that may promote an electrostatic
interaction with Mad1. We identified phosphorylation
sites and several adjacent patches of serines or threonines
on Bub1 (Supplemental Fig S4A; Supplemental Table S1).
We therefore mutated seven of these phosphorylation sites
as well as eight neighboring serines or threonines to produce
the bub1-15A allele. Bub1-15A migrated faster than wild-
type Bub1, and lPPase treatment further enhanced its
migration (Fig. 4B). Together, these data indicate that one
or more phosphorylation sites in the middle region of
Bub1 are eliminated in the Bub1-15A mutant protein,
although the mutant protein is still phosphorylated in vivo.

Kinetochores purified from bub1-15A cells retained
Bub1-15A but failed to associate with Mad1 (Fig. 4C),
and the Bub1-15A protein did not copurify Mad1 (Supple-
mental Fig S4B). Mad1 binding to Bub1(M)-Spc105-6A
kinetochores also required the phosphorylation sites on
the fusion protein (Fig. 4D). As expected, cells harboring
bub1-15A were less sensitive to benomyl relative to
bub1D cells, consistent with this allele maintaining
chromosome segregation functions but not checkpoint
proficiency (Fig. 4E, cf. mad2D and bub1-15A). Indeed,
bub1-15A cells exhibited a checkpoint defect because
they failed to stabilize Pds1 upon nocodazole treatment,
similar to bub1DM cells (Fig. 4F). Based on these data, we
conclude that the Mad1 kinetochore interaction requires
phosphorylation of key residues in the middle region of
Bub1.

Mps1 phosphorylates Bub1 to recruit Mad1
to kinetochores

We next sought to identify the kinase responsible for
Bub1 phosphorylation. While Bub1 is capable of auto-
phosphorylation, its kinase activity is not required for the
spindle checkpoint (Sharp-Baker and Chen 2001; Fernius
and Hardwick 2007). Consistent with this, deletion of the
Bub1 kinase domain did not affect Mad1 kinetochore
association (Fig. 5A). Mps1 kinase activity is required for
checkpoint activation under all conditions, so we tested
whether Bub1 is an Mps1 substrate. We generated a
recombinant fragment of the Bub1 middle region (resi-
dues 369–608 lacking the kinase domain) fused to maltose-

Figure 2. Mad1-3A and Bub1DM prevent
Mad1 kinetochore association and checkpoint
function. (A) The Mad1-3A mutant protein
does not associate with kinetochores. Kineto-
chore particles were purified from cells con-
taining untagged Mad1 (SBY8253), Mad1-9myc
(SBY11840), or Mad1-3A-9myc (SBY11967). Im-
munoblots were probed with a-Flag or a-myc
antibodies. (B, top) Bub1 schematic showing
the N-terminal (1–368) and middle (369–608)
regions and C-terminal kinase (609–1021) do-
main. The N-terminal region contains the
conserved tetratricopeptide repeat (TPR) do-
main (residues 57–171) (Bolanos-Garcia et al.
2009) as well as the Bub3-binding/GLEBS do-
main (residues 315–350) (Larsen et al. 2007).
Conserved domain 1 (CD1; residues 452–470
(Klebig et al. 2009), is present in the middle
region. (Bottom) The middle region is deleted
in Bub1DM. (C) The Bub1 middle region is
required for Mad1 kinetochore association. Ki-
netochore particles were purified via Dsn1-
6His-3Flag from cells with untagged Mad1
(SBY8253), Mad1-3GFP (SBY11392), Mad1-3GFP
Bub1-9myc (SBY11317), or Mad1-3GFP Bub1DM-

9myc (SBY11319). Immunoblots were probed with a-Flag, a-myc, or a-GFP antibodies. (D) bub1DM cells are benomyl-sensitive. Fivefold
serial dilutions of the following strains were plated onto YPD or YPD + 5 mg/mL benomyl: wild type (WT) (SBY8412), mad1D (SBY8820),
bub1D (SBY10596), bub1D + integrated 9myc control vector (SBY11232), bub1D + integrated BUB1-9myc (SBY11072), and bub1D +

integrated bub1DM-9myc (SBY11083). Note that the cells for the immunoprecipitation experiments shown in this figure were treated with
benomyl.
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binding protein, MBP-Bub1(M), and tested for radiola-
beled phosphate incorporation in the presence of recom-
binant Mps1 (Weiss and Winey 1996). The Bub1 fragment
was strongly phosphorylated by Mps1 in vitro, while the
MBP tag alone did not exhibit detectable phosphorylation
(Fig. 5B). MBP-Bub1(M)-15A showed reduced phosphory-
lation in this assay, indicating that the 15 sites contain
one or more in vitro Mps1 target residues (Fig. 5B). To test
for Mps1 phosphorylation of Bub1 in vivo, we overex-
pressed Mps1 in G1-arrested yeast cells. There was an
apparent Bub1 phosphorylation shift, consistent with Bub1
phosphorylation in vivo being mediated by Mps1 activity

and not requiring other mitotic events (Fig. 5C). Strik-
ingly, Mps1 overexpression also led to the ectopic asso-
ciation of Bub1 with Mad1 in these G1-arrested cells
(Fig. 5C).

To determine whether Mps1 phosphorylation of Bub1
is a signal for Mad1–kinetochore binding, we asked
whether kinetochore-bound Bub1 recruits Mad1 upon
Mps1 phosphorylation in vitro. Mps1 kinase activity spec-
ifically copurifies with kinetochores (London et al. 2012),
so we tested whether ATP treatment of kinetochore parti-
cles enabled Mad1 binding from yeast extract (Fig. 5D).
We first eliminated existing phosphorylation from the

Figure 3. Bub1(M) mediates Mad1 kinetochore association and checkpoint function. (A) Bub1(M) is sufficient to recruit Mad1 to
Spc105-6A mutant kinetochores. Kinetochore particles were purified by a-Flag immunoprecipitation of Dsn1-6His-3Flag from cells
with endogenous Mad1 and Spc105-9myc (SBY10267) or cells with Mad1-3GFP and either Spc105-9myc (SBY11207), Bub1(M)-Spc105-
9myc (SBY11208), Spc105-6A-9myc (SBY11210), or Bub1(M)-Spc105-6A-9myc (SBY11209). Immunoblots were probed with a-Flag or
a-GFP antibodies. (B) Bub1(M)-Spc105-6A mutant kinetochores do not recruit endogenous Bub1/3. Kinetochores were purified as in A
from the following strains: Spc105-9myc (SBY10267), Bub1-3GFP Spc105-9myc (SBY10347), Bub1-3GFP Spc105-6A-9myc (SBY10422),
Bub1-3GFP Bub1(M)-Spc105-6A-9myc (SBY11725), Bub3-3GFP Spc105-9myc (SBY10351), Bub3-3GFP Spc105-6A-9myc (SBY10372), and
Bub3-3GFP Bub1(M)-Spc105-6A-9myc (SBY11637). Immunoblots were probed with a-Flag or a-GFP antibodies. (C) Bub1(M) is sufficient
to recruit Mad1 to Spc105-6A mutant kinetochores in the absence of endogenous Bub1. Kinetochore particles were purified as in A

from strains containing Mad1-3GFP with Spc105-9myc (SBY11207), Bub1(M)-Spc105-6A-9myc (SBY11209), Spc105-6A-9myc
(SBY11210), or Bub1(M)-Spc105-6A-9myc bub1D (SBY11303). Immunoblots were probed with a-Flag or a-GFP antibodies. (D) The
middle region of Bub1 can restore partial checkpoint function in spc105-6A mutant cells. Cells were released from G1 into nocodazole-
containing medium. Samples were taken at the indicated time points (in minutes) to analyze Pds1-18myc levels by immunoblotting
with a-myc antibodies in SPC105-2V5 (SBY11892), spc105-6A-2V5 (SBY11893), and bub1(M)-spc105-6A-2V5 (SBY11894) cells. Pgk1 is
shown as a loading control. Note that the cells for immunoprecipitation experiments were treated with benomyl, and protein levels for
additional relevant panels are shown in Supplemental Figure S2.
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kinetochores with phosphatase treatment. Since phos-
phatase treatment dissociates Bub1 from kinetochores
(London et al. 2012), we used Bub1(M)-Spc105-6A fusion
kinetochores for these experiments. There was strong
ATP-dependent binding of Mad1 to Bub1(M)-Spc105-6A

kinetochores, and this also required the Bub1 phosphor-
ylation sites (Fig. 5E). Because Bub1(M)-Spc105-6A kineto-
chores purified from yeast lack endogenous Bub1 or Bub3
(see Fig. 3B), the middle region of Bub1 mediates this
interaction. Consistent with this, Mad1 from bub1D or

Figure 4. Identification of Bub1 phosphorylation sites required for the spindle checkpoint and Mad1 association. (A) The Mad1–
kinetochore interaction requires Bub1 phosphorylation. lPPase treatment releases Mad1 from purified Bub1(M)-Spc105-6A kinetochore
particles. Kinetochore particles (SBY11209) were immobilized on a-Flag beads and treated with lPPase with or without phosphatase
inhibitors or without phosphatase. (IP) Starting input; (B) bound; (U) unbound. (*) An apparent degradation product of Bub1(M)-Spc105-
6A corresponding to Spc105-6A migration. The immunoblots were probed with a-Flag, a-myc, or a-GFP antibodies. (B) The Bub1-15A
mutant protein shows reduced phosphorylation in vivo. Bub1-9myc (SBY11764) or Bub1-15A-9myc (SBY11766) was immunoprecip-
itated from benomyl-treated cells and eluted directly or after treatment with lPPase with or without phosphatase inhibitors. The
immunoblot was probed with a-myc. (C) Mad1 does not associate with kinetochore particles containing the Bub1-15A mutant protein.
Kinetochore particles were immunoprecipitated from benomyl-treated cells with a-Flag beads. The strains contained untagged Mad1
(SBY8253), Mad1-3GFP (SBY8415), Mad1-3GFP Bub1-9myc (SBY11764), or Mad1-3GFP Bub1-15A-9myc (SBY11766). Immunoblots
were probed with a-Flag, a-myc, or a-GFP antibodies. (D) Mad1 association with Bub1(M)-Spc105-6A kinetochores requires Bub1
phosphorylation sites. Dsn1-6His-3Flag was purified from a strain with untagged Mad1 (SBY10267) or strains with Mad1-3GFP and
Bub1(M)-Spc105-6A-9myc (SBY11209) or Bub1(M)-15A-Spc105-6A-9myc (SBY11415). Immunoblots were probed with a-Flag, a-myc, or
a-GFP antibodies. (E) bub1-15A mutant cells are benomyl-sensitive. Fivefold serial dilutions of the following strains were grown
on YPD or YPD + 7.5 mg/mL benomyl: wild type (WT) (SBY8253), mad2D (SBY292), bub1D (SBY10596), and two independent
transformants of the bub1D strain (SBY10596) with either BUB1-9myc (pSB1983) or bub1-15A-9myc (pSB1984). (F) bub1-15A mutant
cells are defective in the spindle checkpoint. BUB1-6His (SBY11340), bub1DM-6His (SBY11342), and bub1-15A-6His (SBY11341) strains
were released from a G1 arrest into medium containing nocodazole. Pds1-18myc levels were analyzed by a-myc immunoblotting at the
indicted time points (in minutes). Pgk1 is shown as a loading control.
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Figure 5. Mps1 phosphorylation of Bub1 recruits Mad1 to the kinetochore. (A) Bub1 kinase activity is not required for Mad1 kinetochore
association. Kinetochore particles were immunoprecipitated from benomyl-treated cultures from strains with untagged Mad1 (SBY8253),
Mad1-3GFP (SBY8415), or Mad1-3GFP Bub1Dkinase (SBY11006). Note that a Mad1-3GFP degradation product is observed in this strain (*).
Immunoblots were probed with a-Flag or a-GFP antibodies. (B) Mps1 phosphorylates the middle region of Bub1 in vitro. Kinase assays were
performed with purified MBP or MBP fusions plus/minus recombinant GST-Mps1 bound to glutathione resin. Phosphorylation was detected
by autoradiography (top), and total protein was detected by Coomassie staining (bottom). The 15A fragment phosphorylation signal was
reduced 26% relative to wild type in this experiment. (C) Mps1 overexpression leads to Mad1–Bub1 association in G1-arrested cells.
Bub1-3Flag was immunoprecipitated from cells arrested in G1 and treated with glucose or galactose. (Left to right) SBY11541 (pGAL-MPS1

MAD1-13myc), SBY11490 (pGAL-MPS1 BUB1-3Flag), SBY10532 (BUB1-3Flag MAD1-13myc), and SBY11488 (pGAL-MPS1 BUB1-3Flag

MAD1-13myc). Immunoblots were probed with a-Flag or a-myc antibodies. (D) Schematic of experiment to determine whether Mps1
phosphorylation recruits Mad1 to kinetochores in vitro. Bub1(M)-Spc105-6A-9myc kinetochores [KT-Bub1(M)] bound to beads were treated
with phosphatase and then incubated with ATP to allow Mps1 phosphorylation. The beads were then added to yeast extract containing Mad1-
3GFP and washed, and the kinetochores were eluted. (E) Mps1 phosphorylation of kinetochore particles recruits Mad1 and depends on Bub1
phosphorylation sites. Bead-bound Bub1(M)-Spc105-6A-9myc (SBY11149) or Bub1(M)-15A-Spc105-6A-9myc kinetochores (SBY11325) were
used for the experiment outlined in D. Immunoblots were probed with a-Flag or a-GFP antibodies. (F) Mad2, but not Bub1 or Bub3, is needed
to enable Mad1 recruitment to Bub1(M)-Spc105-6A-9myc kinetochore particles phosphorylated by Mps1. Kinetochore particles were purified
from wild-type (WT) (SBY8253) or bub1(M)-spc105-6A-9myc (SBY11149) strains and then treated as in D to analyze Mad1-3GFP binding from
either wild-type (SBY8416), bub1D (SBY11464), bub3D (SBY11418), or mad2D (SBY11389) extracts. Immunoblots were probed with a-Flag or
a-GFP antibodies. Binding of Mad1-3GFP to wild-type kinetochores in the +ATP condition is likely due to recruitment of preassociated Bub1–
Mad1 complex through Spc105 phosphorylation. (G) Mad1 recruitment to kinetochore particles depends on Mps1 activity. Bub1(M)-Spc105-
6A-9myc kinetochores were purified from either wild-type (SBY11149) or mps1-as1 (SBY11486) strains and used for the experiment outlined in
D. mps1-as1 kinetochores were treated with the specific inhibitor 1NM-PP1. Immunoblots were probed with a-Flag or a-GFP antibodies.
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bub3D lysates still associated with Bub1(M)-Spc105-6A
kinetochores in vitro (Fig. 5F). Mad1 binding to wild-type
kinetochores in this assay is expected to occur through
the interaction of Bub1 in the extract with Spc105 on the
kinetochore, resulting in high Mad1 levels from wild-
type extract but no Mad1 binding from bub1D or bub3D

extract (Fig. 5F). In contrast to Bub1 and Bub3, Mad2 was
required for the association of Mad1 with the Bub1(M)-
Spc105-6A fusion kinetochores (Fig. 5F), consistent with
its requirement to localize Mad1 in vivo (Gillett et al.
2004).

To confirm that the phosphorylation that potentiates
Mad1 binding is due specifically to Mps1, we used Bub1(M)-
Spc105-6A kinetochores harboring the ATP analog-sensitive
Mps1-as1 protein (Jones et al. 2005). These kinetochores
exhibit kinase activity that is repressed by treatment
with the specific inhibitor 1NM-PP1 (Jones et al. 2005;
London et al. 2012). Mad1 did not bind to these kineto-
chores when they were treated with the inhibitor and
ATP (Fig. 5G), indicating that Mps1 phosphorylation of
Bub1(M) is a kinetochore recruitment signal for Mad1.

To further narrow down the relevant phosphorylation
sites in Bub1(M), we made a series of mutants where the
putative phosphorylation sites were mutated to alanine
and analyzed for growth on benomyl medium. This anal-
ysis revealed that residues T485, T509, and T518 con-
tribute to the benomyl sensitivity (Supplemental Table
S2) and are required for Mad1 kinetochore binding (Sup-
plemental Fig. S5A). In addition, we noticed a conserved
phosphorylation site at T455 within the middle region
that was also phosphorylated in our mass spectrometry
data and in a data set of human mitotic phosphorylation
(Daub et al. 2008). We therefore generated a bub1(T455A)
mutant and found that it is also benomyl-sensitive (Sup-
plemental Table S2) and abolishes the association of
Mad1 with the kinetochore (Supplemental Fig. S5B). We
additionally attempted to generate a phosphomimetic
allele of Bub1 by substituting identified residues with
aspartic or glutamic acid, but this has so far not proven
successful (Supplemental Table S2; data not shown).
Together, this suggests that phosphorylation of multiple
residues in the N-terminal portion of the Bub1 middle
region can mediate Mad1 binding, while the C-terminal
residues do not contribute.

Bub1 and Mad1(C)/Mad2 interact directly

We next tried to reconstitute the minimal Bub1–Mad1
interaction given that unknown factors may be present in
lysate that promote the interaction. To do this, we asked
whether the coexpression of Mps1 with Mad1 and Bub1
in bacteria was sufficient for their association. We used
the middle region of Bub1 and a C-terminal Mad1 frag-
ment [residues 318–749, Mad1(C)] that was previously
shown to retain kinetochore-binding function (Scott et al.
2005). Because Mad2 is required for Mad1 kinetochore
localization in vivo (Gillett et al. 2004) and the Mad1–
Bub1 interaction (Brady and Hardwick 2000; see above),
we also coexpressed Mad2. Coexpression of all of these
proteins was necessary and sufficient for the association

of Mad1(C) with Bub1(M) (Fig. 6A). Importantly, this
interaction was essentially abolished upon mutation of
the phosphorylation sites on Bub1(M) (Fig. 6A). This is
also consistent with the requirement for Mad2 (but not
other checkpoint proteins) to promote Mad1 association
with Bub1(M)-Spc105-6A fusion kinetochores (Fig. 5F). As
Mad2 also associated with Bub1(M) in a Mad1(C)-de-
pendent manner (Fig. 6A), the Mad1–Mad2 interaction
appears to be necessary for Mad1(C) to bind to Bub1(M).
We also note that Mad2 and Mad1 interacted when coex-
pressed in bacteria without Mps1 or Bub1(M) (Supplemental
Fig. S6A), consistent with the reported phosphorylation-
independent, constitutive nature of Mad1–Mad2 binding
(Chen et al. 1999; Sironi et al. 2001). Because Mps1 is not
present in the Bub1(M) pull-down at significant levels
under these conditions (Supplemental Fig. S6B), we con-
clude that Mps1 association does not directly mediate the
interaction between Bub1(M) and Mad1(C)/Mad2.

We next wanted to ascertain whether Bub1(M) phos-
phorylation is sufficient for Mad1(C) binding or whether
there is also a requirement for Mps1 phosphorylation of
Mad1(C) or Mad2. To do this, we purified recombinant
Mad1(C) alone or together with Mad2 with or without
Mps1 coexpression. We then attempted to bind this in
vitro to the wild-type Bub1(M) protein prepared with or
without Mps1 coexpression or to phosphomutant Bub1(M)
proteins prepared with Mps1 coexpression. While Mps1
expression appeared to phosphorylate Mad1(C) because it
migrated more slowly, this phosphorylation did not pro-
mote the association with unphosphorylated Bub1(M)
(Fig. 6B). In contrast, phosphorylated Bub1(M) bound to
Mad1(C) with or without Mad1(C) phosphorylation, and
the binding was abolished by mutation of the Bub1
phosphorylation sites. These results indicate that Mps1
phosphorylation on Bub1 is necessary and sufficient for
Mad1(C)–Mad2 binding in vitro, whereas Mad1(C) phos-
phorylation is not sufficient for the interaction.

Discussion

The identity of the Mad1 kinetochore receptors has been
a long-standing question that has been difficult to address
in vivo (Jia et al. 2013). Previously, Ndc80 was implicated
as a receptor because it is required for Mad1 localiza-
tion in various organisms (Martin-Lluesma et al. 2002;
DeLuca et al. 2003; McCleland et al. 2003). Recently,
Bub1 was also proposed to be a potential Mad1 receptor in
human cells (Kim et al. 2012). In Caenorhabditis elegans,
the kinetochore protein Spindly interacts with Mad1 by
coimmunoprecipitation (Yamamoto et al. 2008), although
this may be species-specific, and yeast does not have a
known SPINDLY homolog (Griffis et al. 2007; Maresca
and Salmon 2010). However, a direct interaction between
Mad1 and these proteins has never been demonstrated at
the kinetochore. We determined that a central region of
Bub1 is required for Mad1 association with kinetochores.
The interaction requires Bub1 phosphorylation by Mps1,
which interacts with Ndc80 (Kemmler et al. 2009; Nijenhuis
et al. 2013). We propose that the requirement for Ndc80c
in Mad1 localization is due to Mps1 recruitment rather
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than the direct binding of Mad1. The yeast Ndc80-1 mutant
protein that we tested still associates with kinetochores
(see Fig. 1B), so it likely retains Mps1 activity. Consistent
with this, ndc80-1 mutant cells are competent to activate
the spindle checkpoint, while cells with a complete de-
pletion of NDC80 are not (McCleland et al. 2003). Al-
though metazoan Mad1 may have multiple receptors, our
data are consistent with Bub1 as the sole Mad1 kineto-
chore receptor in yeast.

Bub1 is also a target of Cdk1 as well as autophosphor-
ylation (Goto et al. 2011). In fission yeast, mitotic phos-
phorylation of Bub1 by Cdk1 was found to be important for

robust maintenance of mitotic arrest (Yamaguchi et al.
2003), consistent with a possible role in Mad1 recruitment.
However, we found that Mps1 phosphorylation is suffi-
cient for Bub1–Mad1 binding in vitro, indicating that
neither Cdk1 nor Bub1 phosphorylation is required for
the interaction. Consistent with this, none of the critical
phosphorylation sites that we identified match the Cdk1
consensus (see Supplemental Table S2), and Bub1 kinase
activity is not required for the checkpoint in budding yeast
(Fernius and Hardwick 2007).

Our discovery that the Bub1–Mad1 interaction is me-
diated by Mps1 phosphorylation on Bub1 allowed us to

Figure 6. Recombinantly expressed Bub1 and Mad1 interact and require Mps1 and Mad2. (A) Recombinantly expressed Bub1 and
Mad1 interact. The indicated proteins were coexpressed in bacteria and purified using S-protein resin. Note that there are multiple
Mad1 and Bub1 species, presumably due to degradation, and the phosphorylation of the Bub1 fragments by Mps1 leads to a large
mobility shift that is difficult to resolve by SDS-PAGE. The immunoblots were probed with a-S-tag, a-Flag, or a-V5 antibodies. (B) Bub1
phosphorylation, but not Mad1 phosphorylation, is required for in vitro binding of Bub1 and Mad1. Mad1(C)-3Flag was purified by itself
or together with 2V5-Mad2 in the presence or absence of Mps1 expression. (*) Mps1 coexpression. The indicated Bub1(M)-S-tag
fragments were immobilized on S-protein beads and incubated with the Mad1 proteins in vitro to assay for binding. The immunoblots
were probed with a-S-tag or a-Flag antibodies.
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reconstitute this association. Although Mad1 phosphor-
ylation by Mps1 has been implicated in its kinetochore
localization (Hardwick et al. 1996), the interaction be-
tween Bub1 and Mad1 does not require Mad1 phosphor-
ylation in vitro (Fig. 6B). However, Bub1-associated Mad1
is phosphorylated in vivo, suggesting that Mad1 phos-
phorylation may mediate other functions of Mad1 (Cairo
et al. 2013). The interaction between Bub1 and Mad1 also
requires Mad2, as was previously reported in budding
yeast in vivo (Brady and Hardwick 2000; Gillett et al.
2004). Although the contribution of Mad2 is currently
unclear, Mad1/2 forms stable tetramers that may pro-
mote Bub1 association (Sironi et al. 2002). Concordantly,
Mad2 coexpression appears to stabilize Mad1(C) when
coexpressed in bacteria (Supplemental Fig. S6B). In con-
trast, Mad2 is not required for Mad1 kinetochore locali-
zation in other organisms (Seeley et al. 1999; Hewitt et al.
2010; Kim et al. 2012), so this requirement may not be
broadly conserved. The ability to reconstitute the Bub1–
Mad1 interaction will facilitate structural studies that
should reveal the requirement for Mad2 in the future.

Mps1-mediated phosphorylation has at least one addi-
tional role in the checkpoint, which is to recruit Bub1/3
to kinetochores via phosphorylation of Spc105/Knl1
(London et al. 2012; Shepperd et al. 2012; Yamagishi
et al. 2012). This is due to the direct binding of the
Bub3 protein to phosphorylated MELT motifs within
Spc105/Knl1 (Primorac et al. 2013). Strikingly, tethering
the middle region of Bub1 to a phospho-deficient
Spc105-6A mutant protein is sufficient to recruit Mad1
to kinetochores and mediate the spindle checkpoint in
the complete absence of a kinetochore-bound endoge-
nous Bub1/3 complex. This suggests that the only re-
quirement for Bub3 kinetochore localization in spindle
checkpoint initiation is to localize Bub1. However, fusion
of the middle region of Bub1 to the mutant Spc105-6A
protein did not result in constitutive checkpoint activa-
tion, presumably because the recruitment of Mad1/2 is
still regulated normally by Mps1 phosphorylation. In
contrast, tethering Mps1 to the kinetochore through the
kinetochore scaffold protein Mis12 promoted prolonged
Mad1 kinetochore localization and spindle checkpoint

activity in human cells (Jelluma et al. 2010). Similarly,
tethering of fission yeast Mps1 to kinetochores by fusion
to Ndc80 resulted in a checkpoint-dependent cell cycle
arrest (Ito et al. 2012). These apparently contradictory
findings can be reconciled by proposing that Mps1 is not
regulated normally when tethered to Ndc80 or an exog-
enous kinetochore receptor, such as Mis12–Mps1, which
leads to constitutive checkpoint activation. An intriguing
possibility is that Mps1 kinase activity removes Mps1
from the kinetochore upon microtubule binding, thus
facilitating checkpoint silencing (Hewitt et al. 2010;
Jelluma et al. 2010; Nijenhuis et al. 2013). While a previous
report suggested that Ndc80 phosphorylation is important
for Mps1 activation of the checkpoint (Kemmler et al.
2009), this phosphorylation was not required for the Mad1
kinetochore interaction (data not shown).

Our findings are consistent with the following model
(Fig. 7). Mps1 phosphorylates Spc105 to recruit Bub1/3
during mitosis. When kinetochores lack proper microtu-
bule attachments or tension, kinetochore-bound Mps1
phosphorylates Bub1 to recruit Mad1, thus activating the
checkpoint. Because the Mad1–Mad2 interaction is con-
stitutive (Chen et al. 1999), the Bub1–Mad1 interaction at
kinetochores must specifically facilitate the catalytic
conversion of Mad2. Upon formation of microtubule
attachments, Mad1 is removed from the kinetochore,
and the checkpoint is silenced. Microtubule binding
could dissociate Mad1 from the kinetochore through a
variety of mechanisms, such as active stripping of Mad1
and/or activation of a protein phosphatase. However,
Mps1 overexpression results in Mad1 kinetochore local-
ization even in the presence of normal kinetochore–
microtubule attachments (Hardwick et al. 1996; Jelluma
et al. 2010; Cairo et al. 2013), suggesting that Mps1 ac-
tivity toward Bub1 must also be silenced to release Mad1.
Activity of Mps1 toward Bub1 could be altered by spatial
separation that occurs upon tension-induced stretching
or conformational changes within Bub1/3 or Mps1 upon
microtubule attachment. Proper microtubule attachments
may also oppose Mps1 localization to kinetochores. Addi-
tionally, Glc7/PP1 activity promotes checkpoint silencing
(Pinsky et al. 2009; Vanoosthuyse and Hardwick 2009) at

Figure 7. Model. Mps1 activity during mitosis phos-
phorylates Spc105 to recruit the Bub1/3 complex
(London et al. 2012; Shepperd et al. 2012; Yamagishi
et al. 2012). Mps1 then phosphorylates Bub1 at un-
attached kinetochores to recruit Mad1/2 and activate
the downstream checkpoint response. Microtubule
attachment opposes Mps1 activity, possibly by pro-
moting Mps1 dissociation from kinetochores, and
results in Mad1 dissociation from kinetochores to
silence the checkpoint (Jelluma et al. 2010).
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least in part by removing Bub1/3 from the kinetochore
(London et al. 2012). Future work will be necessary to
establish precisely how phosphatase activity opposes the
Bub1–Mad1 interaction in vivo.

Bub1 phosphorylation is likely to be a conserved mech-
anism of Mad1 recruitment. Bub1 is necessary for Mad1
recruitment in other organisms (Abrieu et al. 2001;
Heinrich et al. 2012), and regions of Bub1 and Mad1 that are
required for the checkpoint are conserved. Checkpoint
activation in Xenopus egg extracts requires Bub1 phosphor-
ylation (Chen 2004), and we identified a conserved phos-
phorylation site required for Mad1 localization to kineto-
chores in yeast that is also a mitotic phosphorylation target
in human cells (Daub et al. 2008). Together, our work
provides a foundation for future structural, biophysical,
and biochemical investigations aimed at understanding
how phosphorylation-driven Mad1 binding and activation
are coupled to kinetochore–microtubule attachment.

Materials and methods

Strain and plasmid construction

All strains are isogenic with the W303 background, and standard
genetic crosses were performed to introduce temperature-sensitive
kinetochore alleles. All strains and plasmids used in this study
are listed in the Supplemental Tables. Additional information on
strain and plasmid construction is in the Supplemental Material.

Yeast methods and purifications

Media and microbial techniques were as described (Rose et al.
1990), and additional details about experimental conditions are
in the Supplemental Material. Kinetochore particle and Flag-
tagged protein purifications from yeast were performed essen-
tially as described (Akiyoshi et al. 2010). For kinetochore particle
purifications, cells expressing Dsn1-6His-3Flag were cultured to
OD600 of ;2.0. Lysis was performed by grinding of yeast pellets
with dry ice followed by resuspension in immunoprecipitation
lysis buffer (25 mM HEPES at pH 8.0, 150 mM KCl, 0.1% NP-40,
2 mM MgCl2, 0.1 mM EDTA at pH 8.0, 0.5 mM EGTA at pH 8.0,
15% glycerol) supplemented with protease and phosphatase
inhibitors (Akiyoshi et al. 2010) and clarification by ultracentri-
fugation. Cells used in Pds1 stability, pGAL-MPS1 induction,
and Bub1 in vivo phosphorylation shift experiments were lysed
by bead beating (Ranjitkar et al. 2010). Immunoprecipitated pro-
teins were washed three times in lysis buffer with protease and
phosphatase inhibitors, twice in lysis buffer alone, and then
eluted in SDS sample buffer prior to analysis.

Phosphatase and kinase assays

Phosphatase and kinase assays are described in the Supplemental
Material.

Protein-binding assays

Kinetochore–Mad1-binding assays using lysates were performed
essentially as described with additional details in the Supple-
mental Material (London et al. 2012). Recombinant protein-
binding experiments were performed by incubating resin-bound
Bub1-S-tag proteins with purified Mad1-3Flag proteins. In vitro
binding buffer consisted of PBS with 0.1% Tween-20, 150 mM
NaCl, 300 ng/mL bovine serum albumin (BSA), and approxi-

mately equivalent amounts of each test protein. Binding re-
actions were performed for 1–2 h at 4°C. Beads were washed
twice in an excess of binding buffer with phosphatase inhibitors,
and proteins were eluted in sample buffer.

Recombinant protein purification and coexpression

GST-Mps1 was expressed and purified as described (Holinger
et al. 2009), with glutathione-sepharose (GE Healthcare) resin.
Resin-bound Mps1 was washed several times in wash buffer (0.5
mM DTT, 250 mM KCl in PBS) before addition of substrate. All
proteins were expressed in freshly transformed codon-optimized
BL21-Codonplus Escherichia coli by induction of log-phase cul-
tures. Induction of MBP-tagged proteins was performed for 3 h at
37°C with 1 mM isopropyl b-D-thiogalactoside (IPTG). MBP
proteins were purified as GST-Mps1 using amylose resin (New
England Biolabs), eluted into elution buffer (10 mM maltose, 50
mM Tris at pH 8.0, 250 mM KCl), and then dialyzed against PBS
with 30% glycerol.

Coexpression experiments used the pET-Duet and pCDF-Duet
expression system (Novagen). Proteins were induced with 100
mM IPTG for 1 h at 37°C, and purifications were performed with
S-protein agarose resin (EMD Millipore) or a-Flag-conjugated
Dynabeads. Bacterial cell pellets were resuspended in bacterial
lysis buffer (2 mM EDTA, 2 mM EGTA, in PBS with 1 mM PMSF
and 10 mg/mL each leupeptin, pepstatin, and chymostatin),
including phosphatase inhibitors for in vitro binding experiment
proteins, and then sonicated three times for 20 sec. Triton X-100
was added to 1%, and samples were incubated for at least 30 min
at 4°C with gentle mixing. Extract was separated from cellular
debris by centrifugation and then incubated with S-protein agarose
resin (Millipore) for at least 1 h at 4°C with gentle agitation. Resin
was then washed six times with an excess of wash buffer including
1% Triton X-100 and then eluted into SDS sample buffer (for
coexpression experiments) or resuspended in binding buffer (for in
vitro binding experiments). Mad1-3Flag proteins were eluted as
above with 0.5 mg/mL 3Flag peptide in wash buffer lacking DTT
and then dialyzed into PBS with 30% glycerol.

Immunological methods

Immunoblotting was performed using the following antibodies
diluted in PBS-Tween buffer: a-myc 9E10 (Covance) at 1:10,000,
a-Flag M2 (Sigma-Aldrich) at 1:3000, a-V5 (Thermo/Pierce) at
1:5000, a-GFP (Roche) at 1:1000 or a-GFP JL-8 (Clontech) at
1:5000, a-Pgk1 (Invitrogen) at 1:10,000, and a-S-tag (Thermo/
Pierce) at 1:2000; a-Spc105 and a-Ndc80 antibodies were both
used at 1:10,000 and were kind gifts from Arshad Desai (Akiyoshi
et al. 2010). Immunoprecipitations were performed according to
the kinetochore purification conditions using these antibodies
conjugated to Protein G Dynabeads. Note that the images shown
are cropped from original immunoblots for clarity.

Mass spectrometry

Bead-bound kinetochore particles were phosphorylated in vitro
and incubated with lysate, similar to Figure 6D. Samples were
purified and prepared essentially as described (Akiyoshi et al.
2009, 2010; London et al. 2012). Details are included in the
Supplemental Material.
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